We present a combined theoretical (molecular dynamics, MD) and experimental (differential scanning calorimetry, DSC) study of the effect of 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) acyl chain-labeled fluorescent phospholipid analogs (C6-NBD-PC and C12-NBD-PC) on 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) bilayers. DSC measurements reveal that b 1 mol% of NBD-PC causes elimination of the pretransition and a large loss of cooperativity of the main transition of DPPC. Labeling with C6-NBD-PC or C12-NBD-PC shifts the main transition temperature to lower or higher values, respectively. Following our recent report on the location and dynamics of these probes (BBA 1768(BBA (2007 467-478) in fluid phase DPPC, we present a detailed analysis of 100-ns MD simulations of systems containing either C6-NBD-PC or C12-NBD-PC, focused on their influence on several properties of the host bilayer. Whereas most monitored parameters are not severely affected for 1.6 mol% of probe, for the higher concentration studied (6.2 mol%) important differences are evident. In agreement with published reports, we observed that the average area per phospholipid molecule increases, whereas DPPC acyl chain order parameters decrease. Moreover, we predict that incorporation of NBD-PC should increase the electrostatic potential across the bilayer and, especially for C12-NBD-PC, slow lateral diffusion of DPPC molecules and rotational mobility of DPPC acyl chains.
Introduction
Fluorescence spectroscopy and microscopy have been widely used in the last decades as powerful approaches for studying organization and dynamics in membranes (see e.g. [1, 2] for recent reviews). The advantages of fluorescence include high sensitivity and time resolution, multiple measurable parameters yielding complementary information, and, in the case of fluorescence microscopy, spatial resolution. However, fluorescence studies of membranes require the use of fluorescent probes, which can potentially cause significant perturbation to membrane structure, dynamics and thermotropic behavior, as long reported in literature experimental works (e.g. [3] [4] [5] [6] ). Therefore, when interpreting the results of fluorescence experiments, it can be hard to distinguish between legitimate membrane properties and perturbing effects resulting from probe incorporation.
To this effect, molecular dynamics (MD) simulations, by providing detailed atomic-scale information on phospholipid bilayers [7, 8] , represent a valuable way to detect and quantify the magnitude of perturbation induced by molecular probes on the host lipid structure. Area per lipid, mass distributions, order parameters, diffusion coefficients and interface and electrostatic properties can be determined and compared in the absence and presence of a given probe, enabling a good judgement of whether the latter is adequate as a reporter of lipid bilayer structure and dynamics. Surprisingly, detailed MD studies of probe influence on membranes are scarce and mostly restricted to recent works using apolar fluorophores such as diphenylhexatriene (DPH; [9] ), free pyrene [10] or pyrene-labeled phosphatidylcholine [11] . To our knowledge, no studies have been published with probes made up of phospholipids labeled with a polar fluorophore group. These constitute a very important class of membrane probes, as increasingly more head-and acyl chain-labeled phospholipids derivatives become commercially available. Among the latter, a popular family is that of phospholipids labeled with the 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) fluorophore in one of the acyl chains (see [12] for a review). NBD derivatives are commercially available for all major phospholipid classes, and have been used extensively as fluorescent analogs of native lipids in biological and model membranes to study a variety of processes [12] [13] [14] . As a fluorophore, NBD possesses convenient photophysical properties, such as good fluorescence quantum yield, environment sensitivity, and suitability for fluorescence resonance energy transfer experiments, as a donor (namely to rhodamine-based probes e.g., [15, 16] ) or acceptor, e.g., to DPH probes [17] , and in homotransfer studies of lipid aggregation.
However, as verified experimentally by several authors [13, [18] [19] [20] , and in accordance with our own MD simulations [21] , the NBD group of sn-2 acyl chain NBD-labeled phosphatidylcholine (NBD-PC) is prone to loop to a location near the lipid/water interface. From our simulations, the most probable transverse location of the NBD moiety of NBD-PC in fluid DPPC bilayers is the glycerol backbone/carbonyl region. This results in a u-turn-like arrangement for the labeled sn-2 chain of C12-NBD-PC (see Fig. 1 for structure), the 9th C atom of the sn-2 chain being the one closest to the bilayer center. On the other hand, the shorter labeled sn-2 chain of C6-NBD-PC (see Fig. 1 for structure) does not penetrate the bilayer beyond the C4-C5 atoms of sn-2 chains of the host lipid, and lies in an extended conformation, almost parallel to the bilayer plane. Based on these observations, it is plausible that incorporation of NBD-PC probes will cause significant perturbation to the host bilayer structure. This work combines MD simulations and differential scanning calorimetry (DSC) measurements to address this issue. It is concluded that whereas important effects are indeed observed for high (∼6 mol%) probe content, milder perturbation of fluid DPPC structure and dynamics is expected for ∼1 mol% or less probe, the concentrations most often used experimentally. However, even for these smaller amounts, large alterations (transition temperature shifts, loss of cooperativity), are evident in the thermotropic behavior of NBD-PC labeled DPPC bilayers, hampering the use of these fluorescent probes in the context of the study of phospholipid phase transitions.
Materials and methods

Materials
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Fig. 1A ), 1-palmitoyl-2-[6-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)aminododecanoyl]-sn-glycero-3-phosphocholine (C6-NBD-PC, Fig. 1B ) and 1-palmitoyl-2-[12-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)aminododecanoyl]-sn-glycero-3-phosphocholine (C12-NBD-PC, Fig. 1C ) were obtained from Avanti Polar Lipids (Birmingham, AL). 4-(2-hydroxyethyl)-1-piperazine sulfonic acid (HEPES), KOH and KCl (all from Merck, Darmstatdt, Germany) were used to prepare the buffer solution 20 mM HEPES-KOH (pH 7.4). All organic solvents were of spectroscopic grade and came from Merck (Darmstatdt, Germany). Deionized water was used throughout. All above materials were used without further purification. The concentrations of stock solutions of the probes were determined spectrophotometrically using ɛ (NBD-PC, 465 nm, in C 2 H 5 OH) = 2.2× 10 4 M − 1 cm − 1 [22] .
Lipid vesicle preparation
Samples were hydrated in 20 mM HEPES buffer (pH 6.8) at 65°C and submitted to 8 freeze-thaw-vortex cycles between liquid nitrogen temperature and a water bath at 65°C. The final concentration of DPPC + NBD-PC in the solutions was 0.5 mM. The concentrations of phospholipid stock solutions were determined using phosphate analysis [23] . The resulting lipid dispersions were stored at room temperature and used within 24 h of preparation.
Differential scanning calorimetry
Differential scanning calorimetry (DSC) measurements were performed in a VP-DSC Microcal (Northampton, MA) differential scanning calorimeter. Before being loaded into the DSC, samples were incubated at 65°C for 1 h and degassed under vacuum. Heating scans were run with a rate of 1°C/min. Thermogram decomposition, transition temperatures, enthalpies, and widths at half-height were determined using the software ORIGIN (MicroCal) provided with the calorimeter. This software uses the Levenberg/Marquardt nonlinear least-squares method for curve fitting. A model assuming independent non-two-state transitions provided the best fit to the experimental data [24] . Cooperative unit values were calculated as the ratio of van't Hoff and calorimetric enthalpies recovered from the model fits.
MD simulations
Details regarding the MD simulations were presented elsewhere [21] . Briefly, five 100-ns run of 64 phospholipid molecules and 1947 SPC [25] water molecules were carried out. In one simulation, all phospholipid molecules were unlabeled DPPC. The starting configuration of this bilayer was downloaded from the Tieleman group web page (http://moose.bio.ucalgary.ca/files/dppc64.pdb) and stripped of the 1917 outermost water molecules, leaving still enough water content (water:lipid ratio = 32) for full bilayer hydration [26] . In two other simulations, one DPPC molecule was replaced by either a C6-NBD-PC or a C12-NBD-PC molecule. In two further simulations, four DPPC molecules were replaced by either four C6-NBD-PC or four C12-NBD-PC molecules (two in each bilayer leaflet in both cases).
All calculations were carried out with Gromacs 3.2 [27, 28] , under constant number of particles, pressure and temperature (323 K), and with periodic boundary conditions. Pressure and temperature control was carried out using the weak-coupling Berendsen schemes [29] , with coupling times of 1.0 ps and 0.1 ps, respectively. Semiisotropic pressure coupling was used. All bonds were constrained to their equilibrium values, using the SETTLE algorithm [30] for water and the LINCS algorithm [31] for all other bonds, allowing the use of a time-step of 4 fs [32, 33] . The long-range electrostatics Particle Mesh Ewald treatment [34] was applied, and van der Waals interactions were cut off at 0.9 nm [9, 35] . Regarding the latter parameter, the use of 0.9 nm instead of a slightly higher value (say, 1.0 nm) might lead to a minor effect in the area per molecule, which, according to Repáková et al. [9] did not significantly affect the analysis of probe properties and probe-related effects in their studies of DPH-labeled DPPC membranes [9, 35] . Parameters for bonded and nonbonded interactions of the DPPC molecule were taken from [36] and are available at the GROMACS home page in http://www.gromacs.org/contributed_by_users/task,doc_down-load/gid,40/. This force field uses united-atom description for CH, CH 2 , and CH 3 groups. The partial charge distribution for DPPC in the underlying model, taken from http://moose.bio.ucalgary.ca/files/dppc.itp, was used. For the C6-NBD-PC and C12-NBD-PC molecules, parameters were based on those of DPPC, except for the fluorophore atoms. For these, modified parameters were obtained as described in detail elsewhere [21] . Unless stated otherwise, the first 10 ns of each simulation were used for equilibration, and the remaining 90 ns were used for analysis.
The electrostatic potential across the bilayer (z coordinate) was calculated by double integration of the charge density:
For this calculation (as well as for mass density profiles), and because the bilayers' centers of mass may fluctuate in time, the positions of all atoms were determined relative to the instantaneous center of mass (z = 0) in all simulations, for each frame. The potential was also averaged and symmetrized for the two bilayer leaflets [37] . Fig. 2 shows DSC results of pure DPPC, as well as DPPC/C6-NBD-PC ( Fig. 2A) and DPPC/C12-NBD-PC (Fig. 2B) , obtained on heating. The results measured for the pre-transition temperature (T p = 35.2°C), main transition temperature (T m = 41.39 ± 0.01°C) and calorimetric enthalpy of the main transition (8914 ± 62 cal/mol) of DPPC agree well with literature values [38, 39] . The determined cooperative unit of 161 ± 3 lies within the range of published values (70-260) [38] [39] [40] .
Results and discussion
DSC
Upon addition of C6-NBD-PC, major changes are apparent in the scans. Firstly, there is a decrease in the main transition temperature (see Fig. 3A ), from 41.4°C (pure DPPC) to 40.8°C (4 mol% of C6-NBD-PC; for the sample with 6 mol% C6-NBD-PC, two peaks are required for analysis, with T m = 40.85 and T m = 43.55, respectively, and forcing a single peak leads to recovery of T m = 41.3°C). Secondly, the transitions become significantly broader. The cooperative unit decreases from 161 to 16 as the mole fraction of C6-NBD-PC increases from 0 to 6.25% (Fig. 3B ). This happens without significant changes in the transition enthalpy per mole of total phospholipid (probe included; Fig. 3C ), with fluctuations around an average of ∼9 kcal/mol being probably due to variations in volume and/or concentration between samples. In addition, the pre-transition vanishes even for b 1 mol% of probe.
The effect of C12-NBD-PC on the scans differs from that of C6-NBD-PC on several aspects. Fig. 3A , B and C shows the variations of main transition temperature, cooperative unit and transition enthalpy (respectively) recovered from the single transition fits, in comparison to the values obtained in the presence of C6-NBD-PC. Similar to the latter, there is a large loss of transition cooperativity upon increasing concentration of C12-NBD-PC (the decrease of cooperative unit is even steeper than that verified for C6-NBD-PC). However, unlike the shorter chain probe, the main transition enthalpy increases steadily with increasing probe content (by almost 20% for 6.25 mol% of C12-NBD-PC) and, most significantly, the transition temperature varies in the opposite way, that is, it increases by more than 1°C as C12-NBD-PC varies in the 0-6.25 mol% range. Inclusion of a second, higher temperature peak (which becomes increasingly important for higher probe content) in the analyses leads to better fitting to the data (not shown), but does not add significantly to this discussion. Briefly, the lower T m (T m1 ) increases to an approximately constant value 42 ± 1°C for N 0.6 mol% of probe, whereas the higher T m (T m2 ; associated to the secondary peak in the scans) increases from 42.8 ± 0.1°C for 0.2 mol% to 45.1 ± 0.1°C for 6.25 mol%. In this analysis, the overall transition enthalpy is split between the two transitions, with e.g. ΔH 1 = 8.0 ± 0.1 cal/mol and ΔH 2 = 2.1 ± 0.1 kcal/mol being obtained for 6.25 mol%. The cooperative unit associated to the primary peak decreases, albeit less steeply than in the onetransition model (e.g., 106 ± 14 and 23 ± 1 are the values calculated for 0.2 and 6.25 mol%, respectively), whereas that associated to the secondary peak varies non-monotonously. The observation of two peaks in the DSC scans is probably indicative of phase separation below T m , with formation of probe-rich and probe-poor domains, which would melt at slightly different temperatures. In any case, from the scans it can be seen that the phase transition is complete at 323 K (temperature at which the MD simulations were carried out), even for the systems with higher probe content. At this temperature, DSC is unable to reveal eventual fluid-fluid heterogeneity.
In summary, inclusion of both probes eliminates the pretransition and broadens the main transition of DPPC. Main transition enthalpy does not vary significantly upon addition of C6-NBD-PC, and increases somewhat upon addition of C12-NBD-PC. The two probes have opposing effects upon the main transition temperature, with C6-NBD-PC leading to its decrease and C12-NBD-PC leading to its increase. . This increase is not surprising, given the "snorkeling" tendency of the sn-2 chain of both NBD-PC lipids (see e.g. Fig. 8 of [21] ), leading to the probe molecule occupying a larger area in the interface region of the bilayer. This agrees with the NMR measurements of the deuterium order parameter in NBD-PC/POPC bilayers of Huster et al. [20] , which led these authors to estimate an increase of ∼0.2 nm 2 in area per POPC molecule for bilayers with 25 mol% of NBD-PC.
Order parameters
The deuterium order parameter across the acyl chain, S CD , is calculated for C atom i of the lipid acyl chains from S CD,i =−S zz,i /2, where
in which θ z,i is the angle between the vector uniting C atoms i − 1 and i+ 1 and the bilayer normal (z axis; [44] ). −S CD can vary between 0.5 (full order along the bilayer normal) and −0.25 (full order along the bilayer plane), whereas S CD =0 denotes isotropic orientation. Fig. 5A shows −S CD for the sn-1 chains' C atoms of DPPC for pure DPPC and 4 NBD-PC:60 NBD-PC bilayers. Due to the slow convergence of this parameter [45] , analysis was restricted to the last 25 ns of the simulations. In general, incorporation of NBD-PC leads to a reduction in the order parameter of the DPPC acyl chain atoms (this is also verified, to a lesser extent, in the 1 NBD-PC:63 DPPC simulations (not shown)). This effect is more pronounced in the C9-C12 region (see Fig. 5B ), in agreement with the NMR data of Huster et al. [20] for NBD-PC:POPC. In these authors' results, there is no clear distinction between the effects of C6-NBD-PC and C12-NBD-PC. The fact that a larger decrease in −S CD was obtained for C6-NBD-PC in this study is possibly not significant (for the 1 NBD-PC:63 DPPC simulations, a larger decrease is observed for C12-NBD-PC than C6-NBD-PC; not shown). In any case, it is clear that NBD-PC probes lead to a decreased order in the host DPPC acyl chains, more markedly in the C9-C12 region, in agreement with the experimental data of Huster et al. [20] . The fact that this order decrease is less marked in the C13-C15 region is probably justified by the fact that, even in the absence of probe, this bilayer region is already characterized by a high degree of orientational disorder of the lipid chains. For C16, there is reportedly almost no reduction in −S CD [20] . Because of the way GROMACS calculates −S CD for atom i of a given acyl chain (based on the coordinates of atoms i − 1 and i + 1), we were unable to confirm this particular result. This property of the NBD-PC probes is at variance with the reported effect of DPH [9] , free pyrene [10] or pyrene-labeled PC [11] . For both the DPH and pyrene fluorophores, their rigid structures and preferential orientations along the bilayer normal result in an ordering effect.
Another important question concerning the effect of the probes on the host bilayer structure is the range of the induced perturbations [9] [10] [11] . To this purpose, we also evaluated deuterium order parameters for DPPC acyl chains located at varying distances from NBD-PC probes. For each simulation frame, we calculated the order parameter of all individual DPPC acyl chains from their coordinates, and we calculated the distance (denoted here by R) of each chain to the center of mass of the closest NBD-PC molecule. In this way, we were able to calculate average order parameters for DPPC molecules in the immediate vicinity of NBD-PC probes (R b 0.6 nm), at intermediate distances (0.6 nm b R b 1.2 nm) and at larger distances (R N 1.2 nm) to the closest probe molecule. Results are shown in Fig. 6 for the two 4 NBD-PC:60 NBD-PC systems. It is clear that, whereas disordering effects are detectable even for DPPC molecules with no immediate NBD-PC neighbors, the most significant perturbations occur in molecules in close contact with probes. This is especially true for C6-NBD-PC (Fig. 6A) . Because the labeled sn-2 chain of this probe does not extend nearly so much across the bilayer as that of C12-NBD-PC (see e.g. Fig. 8 of [21] ), the disordering effect of the former is mostly concentrated in its immediate vicinity, whereas the large extension of the C12-NBD-PC sn-2 chain allows for a more uniform distribution of the perturbation among additional layers of neighbors.
Mass density profiles
Because we previously discussed in detail the location and density profile of the NBD group [21] , this section is focused on the effect of NBD-PC labeling on the water and lipid mass profiles and the bilayer thickness. A recent MD study of the effect of DPH on fluid DPPC reported an increase in bilayer thickness consistent with the ordering effect of the probe on the lipid acyl chains [9] . Taking into consideration that the effect of the NBD-PC probes on the chain order is opposite as discussed above, a decrease in bilayer thickness could be anticipated. However, as shown in Fig. 7 , the incorporation of 4:60 probe: lipid ratio of both C6-NBD-PC and C12-NBD-PC does not alter significantly the mass density profiles of both water and total lipid (similar results were obtained for the 1:63 probe:lipid systems; not shown). Therefore, the bilayer thickness (operationally defined as the difference between the two transverse distance z values where local mass densities of water and lipid are equal) is not affected (the values obtained for the DPPC, 4 C6-NBD-PC:60 DPPC and 4 C12-NBD-PC:60 DPPC are all within 0.05 nm of each other, with an average of 3.75 nm). This somewhat intriguing result can be rationalized as the balance of two effects. On the one hand, on very close inspection, it can be seen that water penetration in the bilayer occurs to a slightly less extent in pure DPPC than in the probe-containing systems. This may be related to the expected effects as discussed above, and/ or the result of efficient H-bonding involving water and the NBD fluorophore in labeled bilayers [21] , and would per se imply a decrease in bilayer thickness. On the other hand, being the NBD-PC sn-2 chains heavier than those of DPPC, the lipid mass density profiles, even in the absence of a specific effect, would be very slightly broader in absolute terms than those of pure DPPC. This is compounded by the fact that the mass increase due to the fluorophore group occurs mainly near the water/lipid interface, and would lead per se to an increase in bilayer width as defined above. Both effects are very minor, and probably cancel each other, leading to an overall absence of significant influence of NBD-PC probes on the bilayer width.
Electrostatic potential
Given the polarity of the NBD fluorophore, it can be expected beforehand that incorporation of NBD-PC in the bilayer affects the electrostatic profile. Fig. 8 compares the profiles obtained for the DPPC, 4 C6-NBD-PC:60 DPPC and 4 C12-NBD-PC:60 DPPC systems. The value for pure DPPC, − 0.55 V, agrees with recent MD studies [9, 46] and lies within the range of experimental values [47] [48] [49] [50] . Fig. 8A shows that both NBD-PC probes increase the difference in electrostatic potential between the interior of the bilayer and the bulk water phase. The values − 0.58 V and − 0.64 V were calculated for 4 C6-NBD-PC:60 DPPC and 4 C12-NBD-PC:60 DPPC, respectively. Whereas these values are subject to uncertainty due to cancellation errors because the observed potential profile is the difference between the water and lipid contributions, which almost cancel each other (see Fig. 8B ), there is no doubt regarding the qualitative effect of the NBD-probe. This is most clearly seen in the (admittedly unphysical) splitting of the contributions to the electrostatic potential caused by the different types of molecules, shown in Fig. 8B for 4 C6-NBD-PC:60 DPPC (the same effect is verified for C12-NBD-PC, with minor quantitative differences; not shown). In the figure, the contribution of the C6-NBD-PC molecules was multiplied by the DPPC:NBD-PC mole ratio (15) to allow a direct comparison to that of DPPC. As shown in the figure, replacement of DPPC with C6-NBD-PC results in a less negative contribution to the overall potential that, when added to the water component, results in a larger potential across the membrane. A possible origin for this effect is that the snorkeling of the NBD group leads to the appearance of a strong dipole with the negative end (the oxygen atoms of the NO 2 group, O50-O51 in Fig. 1 ) oriented towards the water phase [21] , opposing the choline-phosphate charge separation of the headgroups. Alternatively, the decreased membrane potential in the presence of NBD-PC may be related to the increased area per lipid molecule, following the experimental relationship verified by Clarke [51] for a series of PCs.
Effects on the water/lipid interface
The potential perturbation effects caused by NBD-PC probes on the interface region of the bilayer were studied by monitoring two interface parameters, the orientation of water relative to the bilayer normal (cosine of the angle between the latter and the water dipole moment) and the distribution of the angle between the P-N DPPC vector and the bilayer normal. In both cases, only minimal variations were found. Small changes in water order were observed, which correlated to the small variations in bilayer thickness discussed above, without any significant change in the shape of the orientation profile (not shown). On the other hand, the probability density function of the tilt angle of the P-N vector of the DPPC headgroups relative to the bilayer normal is virtually unaffected by the presence of NBD-PC. Broad, virtually indistinguishable distributions are recovered in all cases (not shown), with averages of 78.1°for pure DPPC (in excellent agreement with the value of 78.2°obtained by Repáková et al. [9] ), 78.2°for both 1 NBD-PC:63 DPPC systems and 77.7°for both 4 NBD-PC:60 DPPC systems.
Both sets of results indicate that the snorkeling of NBD does not induce major perturbations on the structure of the lipid/water interface, possibly due to the fact that, according to our own simulations [21] , and in agreement with NMR measurements [20] , the most probable location of the fluorophore is near the glycerol backbone/carbonyl atoms of DPPC, and not the headgroup region.
Effect of NBD-PC on the dynamics of DPPC
Besides potentially causing perturbation of the bilayer structure, fluorescent probes can also affect both rotational and lateral translational diffusion of the host lipid molecules. In order to study the rotational properties of different parts of the DPPC molecule, rotational autocorrelation functions C(t) were calculated, as defined below:
where θ(ξ), for the sake of commodity, is the angle between a vector defined in the molecular framework at times ξ and t + ξ, and P 2 (x) = (3x 2 − 1) / 2 is the second order Legendre polynomial. Averaging is performed over ξ, which assuming a sufficiently ergodic trajectory, is an approximation of the ensemble average. Three vectors of the DPPC molecules were selected for analysis: the P-N axis (atoms 4 and 8 in Fig. 1 ) and the vectors uniting the 2nd and 15th carbon atoms of both sn-1 (atoms 18 and 31 in Fig. 1 ) and sn-2 (atoms 36 and 49 in Fig. 1 ) acyl chains. In this way, motions both in the headgroup and the hydrophobic regions of the bilayer were addressed.
All calculated C(t) functions decay to a residual value C ∞ N 0, probably denoting hindered rotation (see e.g. discussion in [21] ). Similar values of C ∞ = 0.035-0.040 and 0.19-0.22 were verified for the P-N and acyl chains' motions (respectively) in all systems. For the purpose of comparing the rotational dynamics across the five runs, the autocorrelation curves were analyzed using a double-exponential decay function with offset
and average rotational correlation times were calculated (correcting for the residual limiting value) using
Average rotational time ¼ Table 1 shows the average rotation correlation times for rotation of the three molecular vectors in all systems. Looking at the P-N axis, it is clear that whereas C6-NBD-PC has little effect on its rotation dynamics, incorporation of C12-NBD-PC leads to significantly slower dynamics. This can also be seen in Fig. 9A , which shows the autocorrelation functions. Similar conclusions can be drawn regarding the acyl chains' rotational motions (see Table 1 ). The different behaviors of the two probes in this regard may be related to the fact that the NBD group has a slightly more external location in C12-NBD-PC than in C6-NBD-PC, as verified experimentally in POPC bilayers [20] and as expected from our own simulations in fluid DPPC [21] . Therefore, the NBD group will be more likely to protrude into the headgroup region in C12-NBD-PC labeled bilayers, hindering to some extent the rotation of the host lipids. On the other hand, because of its longer, overstretched sn-2 chain (see Fig. 8 of [21] ), C12-NBD-PC molecules probably act as obstacles to motions of neighboring acyl chains.
Lateral diffusion coefficients of the DPPC in all systems were calculated from the two-dimensional mean square displacement (MSD), using the Einstein relation In turn, MSD is defined by
where Y r i is the (x, y) position of the center of mass of molecule i of a given species, the averaging is carried out over all molecules of this kind and time origins t 0 . To eliminate noise due to fluctuations in the center of mass of each monolayer, all MSD analysis was carried out using trajectories with fixed center of mass of one of the monolayers [33, 52] , and the final result is averaged over the two monolayers. Fig. 9B shows MSD(t) for all simulated systems, whereas the corresponding D values are given in Table 1 . As commented elsewhere [21] , the value for DPPC shows excellent agreement with published experimental results for this phospholipid above the main transition temperature, using techniques such as pulsed NMR [53] , quasi-elastic neutron scattering [54] and a spin-label photobleaching method [55] , as well as with published values from MD simulations [35, 43, 52] . In our analysis, a wide uncertainty interval was obtained for D in this particular system, implying that there is overlap between the interval of DPPC and each of the intervals obtained for the other systems. Bearing this in mind, from inspection of both the MSD profiles and the recovered D values, it seems that lateral diffusion of DPPC molecules is generally slower in the presence of probe molecules. For C12-NBD-PC, D decreases with increased probe content. This was not verified for C6-NBD-PC, possibly due to the worse statistics obtained in the 1 C6-NBD-PC:63 DPPC system (for which the linear correlation coefficient between MSD and t was smallest), where the recovered D value is suspiciously low.
An alternative approach to the study of the effect of probe incorporation on DPPC diffusion is to calculate the short-time displacements Dj Y r j ¼ hj Y r t þ dt ð ÞÀ Y r t ð Þji, where Y r t ð Þ is the position of the center of mass of a given DPPC at time t, and the brackets indicate averaging over time and DPPC molecules. Fig. 10 shows the calculated Dj Y r j with dt = 200 ps for the various systems. The average displacements obtained for all probecontaining systems are lower than for pure DPPC. Although the differences are of the order of magnitude of the estimated errors, there seems to be a significant effect, as there is no overlap between the uncertainty intervals of DPPC and each of the probecontaining systems, with the sole exception of C12-NBD-PC (partly due to the larger error estimated for this system). On the other hand, from this study, the effect of replacing four DPPC molecules instead of a single one is possibly not significant.
In any case, even if the results are not totally conclusive, they suggest that lateral diffusion of DPPC is slower in bilayers containing NBD-PC (and C12-NBD-PC in particular) than in pure phospholipid, similarly to the rotational diffusion of the acyl chains discussed above. In a simplified depiction, this slower dynamics of DPPC in the presence of these probes could arise from the above mentioned overstretched conformation of the sn-2 chain of NBD-PC due to the snorkeling of the fluorophore, especially for the longer chain derivative (see Fig. 8 of [21] ). In this scenario, the hinged sn-2 chains of NBD-PC could act as obstacles to diffusion of neighboring DPPC molecules.
Aggregation of NBD-PC in fluid DPPC bilayers
In principle, atomistic MD simulations can naturally report on nonhomogeneous distribution of membrane components. However, limitations in the time range and size of the simulated system, and (in this study in particular) the number of probe molecules (two in each leaflet in the 4 NBD-PC runs) do not allow for a definite study of probe-enriched domain formation. This latter observation could possibly be related to the fluorescence self-quenching displayed by these probes. It is, however, intriguing that no dimers were observed in C12-NBD-PC. Additional work is required to confirm this effect, both theoretical and experimental (fluorescence quenching and resonance energy transfer studies).
Concluding remarks
Following our recent work on the location and dynamics of NBD-PC probes incorporated in fluid DPPC bilayers [21] , this study focused on the potential effects of these molecules in the host bilayer, from both theoretical (MD simulations) and experimental (DSC scans) points of view. From the MD simulations, it is concluded that, whereas a number of parameters (e.g. area/lipid, lipid chain order parameters) are not severely affected for 1:63 probe:DPPC ratio (1.6 mol%), for the higher concentration studied (4:60 probe:DPPC ratio, 6.2 mol%) important differences are evident. In agreement with experimental observations by other authors, the average area per phospholipid molecule increases, whereas DPPC acyl chain order parameters decrease, most importantly in the C9-C12 region. Incorporation of NBD-PC molecules also increases the electrostatic potential across the bilayer, and, especially for the long sn-2 chain derivative, apparently slows the lateral diffusion of DPPC molecules and the rotational mobility of DPPC acyl chains.
Of course, being fluorescence spectroscopy a very sensitive technique (and given that the NBD fluorophore has good values of absorption coefficient and emission quantum yield in membranes), in a carefully designed experiment, there should be no need to use high (N 5 mol%) probe concentrations, and, for most cases (depending on the quality of fluorescence instrumentation available), 0.1-0.5 mol% will suffice. Due to computational limitations, we were not able to study systems containing these lower probe concentrations (which would necessarily imply very large simulated bilayers), but, judging from the 1 NBD-PC:63 DPPC simulations, severe structural and dynamical perturbations of fluid bilayers are not expected.
However, this is no longer the case regarding the thermotropic behavior of DPPC. Our DSC study revealed that even small amounts (b 1 mol%) of NBD-PC lead to the elimination of the pretransition and to a large loss of cooperativity of the main transition of DPPC. Interestingly, shifts of T m in opposite directions were observed for the two studied probes. Throughout the MD simulations analyses, similar patterns were observed for the effects of C6-NBD-PC and C12-NBD-PC. Minor differences (mainly in the effect on DPPC rotational and translational mobility) could be attributed to the slightly more external location of the NBD moiety in C12-NBD-PC, as well as to its longer, stretched sn-2 chain ( [20, 21] ). However, the DSC scans of C6-NBD-PC and C12-NBD-PC-containing DPPC vesicles are markedly different, and the fact that T m decreases upon incorporation of C6-NBD-PC but increases upon incorporation of C12-NBD-PC could not be related to our simulation results in fluid DPPC. In truth, this should not be surprising, as the main transition of DPPC also involves the gel phase, for which no MD simulations were carried out. In case that the two probes affect differently the structure of the considerably more rigid gel phase, it is expected that they will cause qualitatively different alterations in the thermotropic behavior of DPPC. In particular, the higher values of transition temperature and enthalpy of DPPC/C12-NBD-PC samples relative to pure DPPC point to increased magnitude of mixed DPPC/probe interactions (relative to DPPC/DPPC interactions) in the gel phase. Recently, from fluorescence measurements (red-edge excitation shift spectroscopy) it was suggested that snorkeling of the NBD group of NBD-PC may not occur in gel phase DPPC [56] . We are currently testing this interesting hypothesis using MD simulations. On the other hand, being the probe molecules themselves phospholipids (with an intact sn-1 chain and a modified sn-2 chain), they obviously contribute directly to the thermotropic behavior of the system. It is well known that longer chain phospholipids undergo main transition at higher temperatures and with higher transition enthalpy [57] . In this view, it is not surprising that C12-NBD-PC-containing vesicles will have higher T m and transition enthalpy than C6-NBD-PC-containing vesicles. What is more interesting is that i) the T m for pure DPPC falls in between the T m values observed for C6-NBD-PC and C12-NBD-PC-labeled DPPC vesicles, and ii) a very considerable broadening of the transition is evident even for very low probe concentration. The origin of such a large loss in transition cooperativity is not clear from our simulations, and is possibly related to probe-induced perturbation of the DPPC gel matrix. This correlates with the appearance of two peaks in the scans of the samples with highest probe content, denoting phase separation into two kinds of domains below T m , which would melt at slightly different temperatures. In any case, it severely hampers the use of these probes in the monitorization of PC thermotropic transitions. For this purpose, a suitable alternative is provided by DPH, for which concentrations in excess of 2 mol% in DPPC vesicles change T m by less than 0.1°C, do not suppress either the pre-transition or the subtransition, and leave the peak width (and hence the transition cooperativity) of the main transition unaltered [9] .
Finally, our study (together with other recent works; [9] [10] [11] 35] ) reinforces the usefulness of MD simulations (especially when used in conjunction with experimental techniques) as a tool to predict the effect of fluorescent membrane probes on the host bilayer structure, in order to select suitable probes and conditions for minimal membrane perturbation.
